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High field asymmetric waveform ion mobility spectrometry (FAIMS) provides atmospheric
pressure, room temperature, low-resolution separation of gas-phase ions. The FAIMS analyzer
acts as an ion filter that can continuously transmit one type of ion, independent of m/z. The
combination of FAIMS with electrospray ionization and mass spectrometry (ESI-FAIMS-MS) is
a powerful technique and is used in this study to investigate the cluster ions of leucine
enkephalin (YGGFL). Separation by FAIMS of leucine enkephalin ions having the same m/z
(m/z 556.5), [M 1 H]1 and [2M 1 2H]21, was observed. In addition, four complex ions of
leucine enkephalin, [2M 1 H]1, [4M 1 2H]21, [6M 1 3H]31, and [8M 1 4H]41, all having m/z
1112, were shown to be separated in FAIMS. Fragmentation of ions as the result of harsh
conditions within the mass spectrometer interface (FAIMS-MS) was shown to provide similar
information to that obtained from MS/MS experiments in conventional ESI-MS. (J Am Soc
Mass Spectrom 1999, 10, 492–501) © 1999 American Society for Mass Spectrometry
Electrospray ionization (ESI), originally developedthrough the pioneering efforts of Dole [1, 2],Iribarne and Thomson [3, 4], and Fenn [5–7], has
become a widely used and convenient means to gener-
ate atmospheric pressure, gas-phase ion populations of
large hydrophilic compounds, including proteins.
These ions are generally sampled into the vacuum
system of a mass spectrometer, however, some advan-
tages of analysis of the ions via high-pressure tech-
niques, including ion mobility, have been realized
[8–14]. Ion mobility separation of ions produced by ESI
has shown that, in addition to the simple ions typically
observed in the ESI mass spectrum, there exists an
ill-defined distribution of “cluster ions” [9, 10, 15] that
have been attributed to residues of charged droplets
[16]. Complex cluster ions, including those derived
from peptides [17, 18] and proteins [9, 19], have been
studied for the purpose of establishing the relationship
between the ions observed in ESI and the ions existing
in solution [20–22], as well as for the investigation of
the mechanism of ESI [9, 17, 19, 23]. MS/MS studies of
the background ions observed in conventional ESI
spectra of proteins [24] have shown that the back-
ground is, in part, composed of an unresolved mixture
of cluster ions that can be reduced to the more conven-
tional [M 1 nH]n1 ions by collision-induced dissocia-
tion.
A new technique for atmospheric pressure, room
temperature separation of gas-phase ions, referred to as
high field asymmetric waveform ion mobility spectrom-
etry (FAIMS), has recently been described [25–30]. The
separation of ions in FAIMS is based on the change in
mobility K of the charged species as a function of
electric field strength. Unlike conventional ion mobility
spectrometry (IMS), ions are transmitted through the
FAIMS device in a continuous fashion, thereby facilitat-
ing the analysis of the ion population with quadrupole
mass spectrometry. In this report, FAIMS separation of
complex cluster ions of leucine enkephalin (YGGFL,
M.W. 555.5) at atmospheric pressure and room temper-
ature, prior to their introduction into a mass spectrom-
eter, is described.
Introduction to FAIMS
The FAIMS device operates at atmospheric pressure,
and is most closely related to conventional IMS. In
conventional IMS [31–33], an electric field is produced
along the center axis of a set of uniformly spaced
electrodes by application of uniformly incremented dc
voltages [12, 13] (i.e., forming a drift tube). Ions are
gated into this drift tube and are separated based on
differences in their drift velocity as they travel from the
gate grids to the detector. The constant of proportion-
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ality relating the ion drift velocity and the electric field
is a compound-dependent mobility constant K. In a
conventional IMS instrument, where electric fields are
low, K is independent of the strength of the electric
field. At high electric fields (e.g., 10,000 V/cm), K is no
longer constant and the ion drift velocity is no longer
directly proportional to the applied electric field. This
dependence of ion mobility on the applied electric field
has been the basis for the development of FAIMS,
which has been referred to previously as transverse
field compensation ion mobility spectrometry [26] and
field ion spectrometry [26, 27, 34].
Although related, FAIMS and IMS differ in several
ways: (1) FAIMS is an ion filter, where a mixture of ions
is presented to the inlet, but only selected ions are
transmitted through the analyzer in a continuous fash-
ion. This continuous transmission makes FAIMS a prac-
tical source of ions for quadrupole mass spectrometry.
(2) Unlike IMS, in which the ions are driven axially by
an electric field, the ions in FAIMS travel in the axial
direction in a flowing stream of gas, with electric fields
applied in a direction perpendicular to the gas flow. (3)
The FAIMS instrument operates at room temperature,
whereas the collection of ESI spectra with conventional
IMS requires a sophisticated heated inlet system [12, 13,
15]. A conventional IMS instrument is usually operated
at elevated temperatures to increase the rate of desol-
vation of the hydrated analyte ions produced during
the electrospray process. An elevated temperature is
not required in FAIMS, because the “heating” of the
ions by the high electric fields appears to promote
desolvation. (4) The cylindrical FAIMS focuses the ions
that it transmits. Thus, it gives higher sensitivity than
IMS, in which diffusion in the drift tube causes the ions
to spread out, resulting in some ion loss to the walls.
The principles of operation of a flat, parallel plate
geometry of FAIMS have been described by Buryakov
et al. [25]. The mobility of a given ion under the
influence of a high electric field (Kh) can be expressed
by [3, 4]: Kh(E) 5 K[1 1 f(E)], where K is the ion
mobility at low electric field, and f(E) describes the
functional dependence of the ion mobility on field
strength. Figure 1 illustrates three possible examples of
change in ion mobility with electric field: the mobility of
a type A ion increases with increasing electric field
strength, the mobility of a type C ion decreases, and the
mobility of a type B ion increases and then decreases at
yet higher electric fields. The separation of ions in
FAIMS is based on these changes in mobility. Consider
a type A ion in Figure 1, being carried by a gas stream
between two parallel plates, shown in Figure 2. One of
the plates is maintained at ground potential, the other
has a (simplified) asymmetric waveform, described by
V(t), applied to it. The asymmetric waveform is com-
posed of a high voltage component, Vhigh, lasting for a
short period of time, thigh, and a lower voltage compo-
nent, Vlow, of opposite polarity, lasting a longer period
of time, tlow. The waveform is generated such that the
integrated voltage–time product (thus, the field–time
product) applied to the plate during a complete cycle of
the waveform is zero (i.e., Vhighthigh 1 Vlowtlow 5 0).
During the high voltage portion of the waveform, the
field will cause the ion to move with velocity v1 5
KhEhigh, where Ehigh is the applied field. The distance
traveled will be d1 5 v1thigh 5 KhEhighthigh. During the
longer duration, opposite polarity, low voltage portion
of the waveform, the velocity of the ion will be v2 5
KElow and the distance traveled is d2 5 v2tlow 5
KElowtlow. Since the asymmetric waveform ensures that
Vhighthigh 1 Vlowtlow 5 0, the field–time products
Ehighthigh and Elowtlow are equal in magnitude. If Kh and
K are identical, d1 and d2 are equal, and the ion will be
returned to its original position relative to the y axis at
the completion of one cycle of the waveform, as would
be expected if both portions of the waveform were low
voltage. However, under conditions of sufficiently high
electric fields, Kh . K, d1 and d2 are no longer identical.
Therefore, the ion will experience a net displacement
from its original position relative to the y axis, as
illustrated by the dashed line in Figure 2.
If a type A ion is migrating away from the upper
plate, a constant negative dc voltage (“compensation
voltage,” CV) can be applied to this plate to reverse, or
“compensate” for this offset drift. Thus, the ion will not
travel toward either plate. If two types of ions respond
Figure 1. Hypothetical dependence of ion mobility on electric
field strength for three different types of ions.
Figure 2. An illustration of the ion motion between two flat
plates during application of an asymmetric waveform shown as
V(t); the ion is transported horizontally by a gas flow (distance
not to scale).
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differently to the applied high electric field (i.e., their
ratios of Kh to K are not identical), the compensation
voltages required to prevent their drift toward either
plate will be different. To analyze a mixture of ions, the
CV can be scanned to transmit each of the components
of the mixture in turn, producing a compensation
voltage spectrum (CV spectrum).
The introduction of a concentric cylinder FAIMS by
Carnahan et al. [34, 35] provided an increase in sensi-
tivity over the flat plate geometry used by Buryakov et
al. [25]. Mine Safety Appliances Co. (Pittsburgh, PA) has
introduced this instrument as a “Field Ion Spectrome-
ter”t or FISt for trace gas analysis. This instrument,
with electrometer-based ion sensing, is referred to as
FAIMS-E in this study. It has been shown that FAIMS-E
is capable of separating compounds having the same
low-field mobility constant [26]. This technology was
limited, however, in that several of the peaks appearing
in FAIMS-E CV spectra could not be identified unam-
biguously [26, 27, 34]. In earlier reports, the elimination
of this shortcoming of FAIMS-E through the interfacing
of FAIMS to a mass spectrometer (FAIMS-MS), was
described [28, 29].
The actual asymmetric waveforms used in FAIMS
are shown in Figure 3. The peak voltage of the wave-
form is referred to as the dispersion voltage (DV) and is
indicated on the figure. Waveform #2 can be generated
by reversing the polarity of waveform #1. However, the
reversal of waveform polarity does not give rise to a
reversal of the compensation voltage necessary to pass
an ion through the FAIMS device [29]. This observation,
combined with an increase in ion transmission effi-
ciency with increasing DV, suggested that atmospheric
pressure ion focusing was occurring in the FAIMS
analyzer [28–30]. A consequence of this ion focusing is
high transmission efficiencies for compounds that ap-
pear at high compensation voltages. The details of ion
trajectory calculations and experimental verification of
the mechanism of ion focusing have been discussed in
an earlier report [30]. A second consequence of ion
focusing in FAIMS is that the instrument operates in
four distinct modes; namely P1, P2, N1, or N2 [28, 29],
where P and N describe ion polarity (positive and
negative), and “1” and “2” are indicative of the polarity
of the asymmetric waveform. Spectra collected using a
positive DV (Figure 3a) are of type P1 or N2, whereas
spectra collected using a negative DV (Figure 3b) are of
type P2 or N1. In general, low mass ions (m/z is usually
less than 300) are of type A (Figure 1) and are detected
in mode 1, whereas larger ions, including the positively
charged leucine enkephalin ions studied here, are type
C ions and are detected in mode 2.
The high ion transmission efficiency, along with its
ion separation capabilities, make FAIMS a practical
atmospheric pressure, room temperature ion processing
tool. Because of its ability to act as a continuous source
of selected ions, it could become an integral part of an
interface between ESI and mass spectrometry. In this
study, the ability to separate electrospray ions before
entry into the mass spectrometer is utilized to study
cluster ions of leucine enkephalin produced by the ESI
process.
Experimental
Figure 4a, b shows the two FAIMS instruments used in
this study. In Figure 4a, a three-dimensional view of
FAIMS with electrometer based detection (FAIMS-E) is
shown. Figure 4b shows a cross-sectional view of the
Figure 3. Actual asymmetric waveform used in FAIMS. The
maximum value of the waveform is called the dispersion voltage
(DV).
Figure 4. Schematic of the two ESI-FAIMS instruments used in
this study. (a) Three-dimensional view of FAIMS-E and (b)
cross-sectional view of the FAIMS-MS.
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FAIMS instrument with mass spectrometry based de-
tection (FAIMS-MS). An ESI source was used in both
instruments. The electrospray needle and associated
liquid delivery system were constructed by threading a
30 cm piece of fused silica capillary (50 mm i.d., 180 mm
o.d.) through a 5 cm long stainless steel capillary (200
mm i.d., 430 mm o.d.), with the fused silica capillary
protruding about 1 mm beyond the end of the stainless
steel capillary. This stainless steel capillary, in turn, pro-
truded about 5 mm beyond the end of a larger stainless
steel capillary (500 mm i.d., 1.6 mm o.d.) that was used for
structural support and application of the high voltage.
Solutions were delivered to the electrospray needle by a
syringe pump (Harvard Apparatus model 22), at a flow
rate of 1 mL/min. For the generation of positive ions, the
needle was held at approximately 12200 V giving an
electrospray current of 0.03 mA.
The FAIMS ion filter was composed of two inner
cylinders, which were axially aligned and positioned
about 5 mm apart, and an outer cylinder that sur-
rounded the two inner cylinders. The inner cylinders
(12 mm i.d., 14 mm o.d.), were about 30 mm and 90 mm
long, respectively, whereas the outer cylinder (18 mm
i.d., 20 mm o.d.) was about 125 mm long. The outer
cylinder and the short inner cylinder of the FAIMS
instrument were held at the same electrical potential
(e.g., 0 V). The high frequency (210 kHz), high voltage
(0 to 4950 Vp–p), asymmetric waveform (Figure 3) was
applied to the long inner cylinder, thereby establishing
the electric field between the inner and outer tubes. In
this study, all spectra were collected using P2 mode
with DV 5 3000 V. In addition to the high frequency
waveform, the compensation voltage was also applied
to the long inner cylinder. Although the CV can be
scanned from 250 to 150 V, the CV spectra herein are
only shown from 210 to 0 V because no peaks were
observed outside of this range.
The electrospray needle was placed on the center
axis of the short inner cylinder, terminating about 5 mm
short of the gap between the two inner cylinders. The
electrospray ions were driven radially outward by the
electric field to the analyzer region through the 5 mm
gap between the two inner cylinders.
Gas connections to both FAIMS instruments are
shown in Figure 4. In this study, nitrogen gas was
passed through a charcoal/molecular sieve gas purifi-
cation cylinder and introduced into the FAIMS device
through the carrier in (Cin) port at a flow rate of 2
L/min (FAIMS-E) or 6 L/min (FAIMS-MS). The gas
exited through the sample out (Sout) port at 1 L/min
(both instruments) and through the carrier out (Cout)
port at 1 L/min (FAIMS-E) or 5 L/min (FAIMS-MS).
The sample in (Sin) port was plugged in this study. A
fraction of Cin was directed radially inward through the
5 mm gap between the inner cylinders, and acted as a
curtain gas. The ions formed by ESI were driven radi-
ally outward through the gap by the electric field, the
curtain gas prevented neutrals from entering the annular
analyzer region. This portion of Cin, along with the neu-
trals, exited the FAIMS device via the Sout port.
The electrospray ions were carried by the gas stream
along the length of the annular space between the outer
cylinder and the long inner cylinder. If the combination
of DV and CV was appropriate, and the ions were not
lost to the tube walls, four openings (each approxi-
mately 2 mm in diameter) near the end of the outer
cylinder allowed the gas to carry ions to the electrom-
eter (FAIMS-E). In the FAIMS-MS, there was one open-
ing that allowed ions to travel from the FAIMS analyzer
into the orifice of the mass spectrometer.
Ions were transferred to the vacuum chamber of the
mass spectrometer through a “sampler cone” placed at
the end of the FAIMS analyzer at a 45° angle relative to
the axis of the FAIMS cylinders, as is shown schemati-
cally in Figure 4b. The diameter of the opening in the
sampler cone was approximately 200 mm. The sampler
cone was electrically insulated so that a separate voltage
(OR) could be applied to it. As well, a voltage was
applied to the entire FAIMS unit (VFAIMS) for the
purpose of optimizing ion transmission between
FAIMS and the sampler cone. Both OR and VFAIMS were
set to 15 V in this study.
A custom interface was constructed for a tandem
combination of FAIMS and a PE Sciex API 300 triple
quadrupole mass spectrometer. As described above, 15
V was applied to the electrically isolated sampler cone
(OR), whereas the skimmer cone of the API 300 re-
mained at ground potential for all experiments de-
scribed herein. The small ring electrode normally lo-
cated behind the orifice of the conventional API 300
interface was not incorporated into the new interface,
resulting in some loss of sensitivity. Behind the skim-
mer cone, in a low pressure region (;7 3 1023 torr),
was an rf-only quadrupole (Q0), which acted to colli-
sionally focus ions prior to their transmission into the
first analyzer quadrupole (Q1). The voltage drop be-
tween the skimmer cone and Q0 controlled the energy
of the collisions in this region. The higher the voltage
drop, the greater the extent of fragmentation. Unless
otherwise stated, Q0 5 21 V was used.
Ion-selected CV spectra (IS-CV spectra) were ob-
tained by scanning the compensation voltage applied to
the FAIMS, while monitoring a single m/z value. “Total
ion current” CV spectra (TIC-CV spectra) show the sum
of the signal for all detected ions in a given m/z range as
CV was scanned. The mass spectrum collected at fixed
values of DV and CV revealed the identity of any ions
transmitted through the FAIMS under those conditions.
When the identity of an ion was ambiguous based on its
m/z value alone, MS/MS experiments were performed.
Results and Discussion
The positively charged leucine enkephalin ions pro-
duced by ESI were transmitted through FAIMS during
application of the asymmetric waveform with negative
polarity, and with the application of negative CV. This
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operating condition has been defined as P2 mode, and
is in general, characteristic of ions with m/z above 300,
whose mobility decreases at high electric field, i.e., type
C ions (Figure 1).
The P2 mode FAIMS-E CV spectra of solutions
containing varying concentrations of leucine enkepha-
lin are shown in Figure 5. FAIMS-MS IS-CV spectra (m/z
556.5) for these same solutions are shown in Figure 6.
Figures 5a and 6a show CV spectra for a blank solution
of 50:50:0.1 methanol/water/acetic acid (v/v/v), which
was the solvent used for all leucine enkephalin solu-
tions in this study. A broad ion current peak with a
maximum value at CV 5 24.3 V is observed using
FAIMS-E. A FAIMS-MS TIC-CV spectrum (m/z 30 to
3000, not shown) of the same solution shows no corre-
sponding peak. This peak at CV 5 24.3 V is thought to
be composed of an array of large cluster ions formed
during the ESI process, whose m/z values exceed the
limit of the triple quadrupole mass spectrometer, and
thus, are not detected by FAIMS-MS. Large cluster ions
have been observed in several ESI-IMS-MS studies
when sufficiently long gate times were used [8, 9, 15].
The FAIMS-E CV spectrum of 100 nM leucine en-
kephalin is shown in Figure 5b. On the addition of
leucine enkephalin to the blank solution, the ion current
peak at CV 5 24.3 V shifts to CV 5 24.9 V and
increases in intensity. The addition of leucine enkepha-
lin to the blank solution has apparently changed some
of the properties of the background ions thereby caus-
ing a CV shift. The observed CV shift is significant, and
based only on the electrometer detection of FAIMS-E, it
may be erroneously concluded that leucine enkephalin
appears at CV ' 24.9 V. However, using single ion
monitoring, the [M 1 H]1 ion of leucine enkephalin
was readily detected at CV 5 22.1 V, as shown in
Figure 6b. This peak at CV 5 22.1 V was not observed
in the FAIMS-E CV spectrum because of the current
produced by the background ion clusters. This result
illustrates a potential difficulty in using FAIMS-E for
peak identification without FAIMS-MS spectra.
Using FAIMS-E, the peak at CV 5 22.1 V could be
distinguished from the baseline at a concentration of 1
mM leucine enkephalin, as shown in Figure 5c. The
IS-CV spectrum at the same concentration, Figure 6c,
however, shows a second leucine enkephalin peak at
CV 5 23.6 V. Again, because of the level of the baseline
arising from the intense peak at CV 5 24.9 V using
FAIMS-E, this second peak is not observed on the
FAIMS-E CV spectrum. At a concentration of approxi-
mately 10 mM leucine enkephalin, as shown in Figures
5d and 6d, both peaks are clearly observed in each
spectrum. These two peaks for leucine enkephalin are
presumed to have originated from different species that
were separated within the FAIMS analyzer. However,
mass spectra of these two peaks obtained under the
condition Q0 5 25 V, which optimized sensitivity,
were virtually identical and dominated by the [M 1
H]1 ion.
At a concentration of 100 mM leucine enkephalin, the
peak at CV 5 24.9 V on the FAIMS-E CV spectrum has
exceeded the maximum limit of the electrometer (25
pA), whereas the peaks at CV 5 23.6 V and CV 5 22.1
V exhibit little or no change, as shown in Figure 5e. In
contrast, the peaks at CV 5 23.6 and 22.1 V in the
FAIMS-MS IS-CV spectrum (Figure 6e) have increased
substantially in height when compared with those ob-
tained from the 10 mM leucine enkephalin solution. The
change in the ratio of these two peaks in Figure 6, as a
function of concentration, suggests that the formation of
the ion at CV 5 23.6 V becomes more favorable at
higher leucine enkephalin concentrations.
To identify the two leucine enkephalin species being
Figure 5. CV spectra of solutions of leucine enkephalin collected
using ESI-FAIMS-E. (a) Blank sample, (b) 100 nM, (c) 1 mM, (d) 10
mM, and (e) 100 mM.
Figure 6. IS-CV spectra of m/z 556.5 of leucine enkephalin
solutions collected using ESI-FAIMS-MS. (a) Blank sample, (b) 100
nM, (c) 1 mM, (d) 10 mM, and (e) 100 mM.
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separated in the FAIMS analyzer, Q0 5 21 V was used,
thereby minimizing the effects of collisional dissocia-
tion of the ions in the mass spectrometer interface. The
mass spectra for the peaks at CV 5 22.1 and 23.6 V for
a 100 mM leucine enkephalin solution are shown in
Figure 7a, b, respectively. The isotope patterns observed
in the insets in these two figures clearly show that the
two different species separated by the FAIMS analyzer
were [M 1 H]1 and [2M 1 2H]21. The change in the
ratio of [M 1 H]1 to [2M 1 2H]21 can be explained by
the greater likelihood of leucine enkephalin form clus-
ter ions as the concentration in solution increased.
Therefore, FAIMS can provide information on the ten-
dency of ions to form clusters of type [nM 1 nH]n1. In
traditional ESI-MS, the relative amounts of such species
are difficult to determine because their spectra overlap
and the amount of the [M 1 H]1 ion derived from
[2M 1 2H]21 or other cluster ions would not be known.
Some other unique characteristics of using the
FAIMS analyzer to study ESI-generated ions are illus-
trated in Figure 8. Figure 8a–c shows ESI-FAIMS-MS
spectra collected using a 100 mM solution of leucine
enkephalin at CV values of 22.1, 23.6, and 24.3 V,
respectively, with the dwell time and number of sweeps
kept constant. For comparative and illustrative pur-
poses, the y axis has been truncated at 12,000 cps. Note,
traces a and b in Figure 8 are highly expanded views of
traces a and b in Figure 7. In the mass spectrum
collected at CV 5 22.1 V, Figure 8a, ions with m/z
values greater than 1200 are virtually absent. Some
background ions in the m/z region from 300 to 1000 are
present, however, this mass spectrum is remarkably
clean for conditions of Q0 5 21 V. The mass spectrum
collected at CV 5 23.6 V, Figure 8b, shows the pres-
ence of more complex cluster ions than were observed
at CV 5 22.1 V, with the background extending to
about m/z 1800 and a few ions extending up to m/z 2300.
The spectrum acquired at CV 5 24.3 V, Figure 8c, was
collected on the left edge of the primary peak in Figure
6e. In addition to the [M 1 H]1 ion, distinct peaks
corresponding to leucine enkephalin are seen at several
m/z values (e.g., 834, 1112, 1251, and 1390). Background
ions are also abundant and extend to the m/z limit (and
beyond) of the triple quadrupole mass spectrometer.
Figure 8a–c shows the background to be moving to
higher m/z values as CV becomes more negative.
CV spectra were collected for several of the leucine
enkephalin cluster ions observed in Figure 8c. For
example, Figure 9a shows an IS-CV spectrum of a 100
mM solution of leucine enkephalin that was collected
while monitoring m/z 1112. The four distinct peaks
suggest that different ions, all with m/z 1112, were
transmitted by the FAIMS analyzer. The mass spectra
obtained at the four peak maxima in this IS-CV spec-
trum are shown in Figure 9b–e. The mass spectrum
collected at CV 5 21.5 V, shown in Figure 9b, is
isotopically resolved and represents the [2M 1 H]1 ion.
Figure 7. Mass spectra of a 100 mM solution of leucine enkepha-
lin collected using ESI-FAIMS-MS at (a) CV 5 22.1 V and (b)
CV 5 23.6 V. The insets in (a) and (b) show expanded views of
the spectra from m/z 555 to 560. Figure 8. Mass spectra of a 100 mM solution of leucine enkepha-
lin collected using ESI-FAIMS-MS at (a) CV 5 22.1 V, (b) CV 5
23.6 V, and (c) CV 5 24.3 V. The y axis has been truncated at
12,000 cps for all spectra.
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The isotope patterns in the mass spectra of Figure 9c–e,
which were collected at CV values of 23.0, 24.0, and
24.8 V, respectively, are not well resolved. Neverthe-
less, from the difference in m/z between the sodium
adduct ion and the ion at m/z 1112 in each of these
spectra, the charge state of each ion was determined.
The ions in Figure 9c–e were [4M 1 2H]21, [6M 1
3H]31, and [8M 1 4H]41, respectively. The amount of
background noise has also increased significantly in
Figure 9e over that observed in Figure 9b. The extra
background ions in Figure 9e are presumed to be
complex clusters that are not resolved into single peaks
in a FAIMS-MS CV scan.
Figure 10 shows further examples of IS-CV spectra of
cluster ions of leucine enkephalin that were collected
using a 100 mM solution. Figure 10a is the IS-CV
spectrum at m/z 567.5, where the peak at CV 5 23.2 V
has been identified by MS as being [2M 1 Na 1 H]21.
The IS-CV spectrum at m/z 578.5, Figure 10b, again
shows more than one type of ion being transmitted by
FAIMS at a particular m/z value. The peak at CV 5
23.3 V has been identified as being due to the presence
of [2M 1 2Na]21, whereas the peak at CV 5 21.8 V is
from [M 1 Na]1. IS-CV spectra at m/z values of 834 and
1251, are shown in Figure 10c, d, respectively. The peak
at CV 5 23.4 V in Figure 10c is due to [3M 1 2H]21,
and the peak at CV 5 24.6 V in Figure 10d is [9M 1
4H]41.
The comparison of the spectra in Figure 10 with
those in Figure 6 illustrates the ability of FAIMS to
separate protonated and sodiated complex ions in the
gas phase. The [2M 1 2Na]21 ion was observed in
Figure 10b at CV 5 23.3 V, whereas the [2M 1 2H]21
ion was observed in Figure 6e at CV 5 23.6 V. Simi-
larly, the [M 1 Na]1 ion, shown in Figure 10b, was at
CV 5 21.8 V, whereas the [M 1 H]1 ion was found at
CV 5 22.1 V, as shown in Figure 6e. The replacement
of a proton by sodium has changed some of the ion
properties, thereby resulting in the peak shifting to a
different CV value.
The ions transmitted by the FAIMS analyzer can
provide information on ions formed during the ESI
process; however, the information may be lost because
of conditions within the mass spectrometer interface.
The traces in Figure 11 are IS-CV spectra at m/z 1112,
with Q0 5 210 V in Figure 11a and Q0 5 21 V in
Figure 11b. Under the harsh interface condition of Q0 5
210 V, two peaks are evident in the IS-CV spectrum.
The mass spectrum acquired at CV 5 23.6 V, the
maximum of the more intense peak, is shown in the
inset. Based on this mass spectrum, where the most
intense peak is at m/z 1112, it would be erroneously
concluded that the main fraction of the [2M 1 H]1 ion
was transmitted by FAIMS at CV ' 23.6 V. Under the
more gentle interface condition of Q0 5 21 V, four
peaks are evident in the CV spectrum, as shown in
Figure 11b. This spectrum is similar to that presented in
Figure 9, where the four peaks have been identified as
being attributable to ions of the type [2nM 1 nH]n1.
Figure 9. Separation of leucine enkephalin cluster ions with m/z
1112. (a) IS-CV spectrum (m/z 1112) of 100 mM leucine enkephalin.
Mass spectra from m/z 1110 to 1140 at (b) CV 5 21.5 V, (c) CV 5
23.0 V, (d) CV 5 24.0 V, and (e) CV 5 24.8 V.
Figure 10. IS-CV spectra for different cluster ions of leucine
enkephalin obtained from a 100 mM solution. The m/z value in
each spectrum was (a) m/z 567.5, (b) m/z 578.5, (c) m/z 834, and (d)
m/z 1251.
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The distribution of ions in the mass spectrum at CV 5
23.6 V has changed significantly from that obtained
under the more harsh interface conditions, and is
shown in the inset. The most intense peak is now at m/z
834, corresponding to the [3M 1 2H]21 ion, with an-
other complex cluster ion, [7M 1 3H]31, being ob-
served at m/z 1297. This change in ion distribution
indicated that the dissociation of cluster ions was oc-
curring within the mass spectrometer interface at the
more negative Q0 potential, leading to the production
of [2M 1 H]1. This dissociation could lead to incorrect
assignment of CV values to clusters ions. Note, how-
ever, that the IS-CV spectra in Figures 10c and 11a have
maximum peak heights at approximately the same CV
value. Using this information, along with the IS-CV and
mass spectra in Figure 11, it can be concluded that the
majority of the [2M 1 H]1 observed at CV 5 23.6 V in
Figure 11a is the fragmentation product of [3M 1
2H]21. Therefore, FAIMS-MS is able to give information
much like that which would be obtained using conven-
tional MS/MS techniques.
The composition of the large cluster ions that make
up the background was also investigated using MS/MS
techniques. Figure 12a represents a mass spectrum
obtained at CV 5 24.3 V, with Q0 5 21 V. Inset is a
region of the background extending from m/z 1500 to
1700 in which there were no discernable peaks, there-
fore representing a region of “true” background. Using
a procedure described previously [36], a wide m/z
window of these background cluster ions was allowed
into the mass spectrometer and a fragment ion spec-
trum obtained. The width of the m/z window could be
altered by adjusting the offset voltage on the first
quadrupole (Q1) and was set to approximately 30 m/z
units for this study, where window width is defined as
the width of the peak at half maximum. Figure 12b
shows the m/z window of ions that were allowed into
the second quadrupole when the parent ion was se-
lected to be m/z 1580. The FAIMS-MS/MS spectrum
obtained from this ;30 m/z unit window centered at m/z
1580 is shown in Figure 12c. Several different leucine
enkephalin ions (i.e., [M 1 H]1, [M 1 Na]1, [2M 1
H]1, [2M 1 Na]1, [2M 1 2Na 2 H]1) were present in
the fragment ion spectrum, and the apparent noise was
virtually eliminated.
It could be correctly argued that this technique of
studying the background ions could be carried out
using conventional ESI-MS/MS instrumentation. How-
ever, because FAIMS separates ions based on properties
other than m/z ratio, the use of FAIMS-MS/MS to study
background ions offers advantages over conventional
MS/MS. One such advantage is highlighted in Figure
13. Figure 13a shows a conventional ESI-MS spectrum
Figure 11. Effect of Q0 on an IS-CV spectrum (m/z 1112) of 100
mM leucine enkephalin. (a) Q0 5 210 V and (b) Q0 5 21 V. The
mass spectra in both insets were collected at CV 5 23.6 V.
Figure 12. Investigation of the background cluster ions obtained
from a 100 mM solution of leucine enkephalin. (a) Mass spectrum
collected using ESI-FAIMS-MS at CV 5 24.3 V. The inset shows
an expanded view of the spectrum from m/z 1500 to 1700. (b) A
view of the ;30 m/z unit window of background ions allowed into
the second quadrupole for MS/MS analysis when the window
was centered at m/z 1580. (c) ESI-FAIMS-MS/MS spectrum at
CV 5 24.3 V of an ;30 m/z unit wide window of ions centered at
m/z 1580.
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of 100 mM leucine enkephalin from m/z 1200 to 1600,
whereas Figure 13b shows an ESI-FAIMS-MS spectrum
of the same solution acquired at CV 5 24.3 V. The
ESI-MS spectrum shows a series of peaks in the region
around m/z 1300, attributable to the [7M 1 3H]31 ion
and some of its adducts, that are absent in the
FAIMS-MS spectrum. If one wanted to study cluster
ions in the region of m/z 1300, the overlap of the [7M 1
3H]31 ions with this region in ESI-MS could severely
bias the results. However, using the FAIMS instrument
with an appropriate CV, such that the [7M 1 3H]31
ions are not transmitted, this region of the background
can be effectively studied. A FAIMS-MS/MS spectrum
of m/z 1300 at CV 5 24.3 V is shown in Figure 13c.
Note that the ratio of the relative abundances of the
product ions [M 1 H]1 to [M 1 Na]1 in Figure 12c is
not the same as observed in Figure 13c. At different m/z
values of the background, the relative abundance of
[M 1 Na]1 changed with respect to [M 1 H]1. This
observation will be the subject of further investigations.
Conclusions
FAIMS is a new technique that gives low-resolution
separation of gas-phase ions at atmospheric pressure
and room temperature. The ability to act as an ion filter
and continuously transmit one type of ion, independent
of m/z, makes FAIMS ideal for both ESI and quadrupole
mass spectrometry (ESI-FAIMS-MS). This powerful
combination opens up new possibilities for investigat-
ing gas-phase ions. In this study, cluster ions of leucine
enkephalin have been examined to demonstrate some
of the potential of ESI-FAIMS-MS.
The comparison of the electrometer based FAIMS-E
to FAIMS-MS, suggested that a large fraction of the total
electrospray ion current was the result of large cluster
ions that exceeded the m/z limit of the triple quadrupole
mass spectrometer. In FAIMS-E, the CV of a peak
attributed to the large cluster ions was seen to shift on
the addition of leucine enkephalin to the solution. Based
only on FAIMS-E data, the CV of this shifted peak
would be assigned as the leucine enkephalin CV value.
This assignment would be erroneous, however, as MS
data showed that this shift was not due to the [M 1
H]1 ion of leucine enkephalin.
Mass spectra taken at different CV values in the
ESI-FAIMS-MS spectrum of 100 mM leucine enkephalin
showed different distributions of leucine enkephalin
cluster ions. Two ions with the same m/z, [M 1 H]1 and
[2M 1 2H]21, were separated in an IS-CV spectrum
(m/z 556.5) of leucine enkephalin. The ratio of [2M 1
2H]21 to [M 1 H]1 increased with concentration, sug-
gesting that the formation of [2M 1 2H]21 became
more favorable at higher concentration in solution. In
an IS-CV spectrum at m/z 1112, peaks for four cluster
ions of leucine enkephalin ([2nM 1 nH]n1, where n 5
1 to 4) were observed. Other IS-CV spectra for complex
cluster ions (e.g., [9M 1 4H]41) were also shown. The
substitution of a sodium ion for a proton within the
leucine enkephalin clusters was found to affect the CV
at which the ion was transmitted through FAIMS. As a
better understanding of the ion properties that govern
the position of an ion in a CV spectrum is acquired,
more information on the properties of cluster ions will
become available.
Mass spectrometer conditions were shown to affect
IS-CV spectra. Under harsh interface conditions, certain
cluster ions transmitted by FAIMS were fragmented,
changing the appearance of the IS-CV spectra for some
ions (m/z 1112 was shown). Mass spectra at the same CV
value, acquired under gentle and harsh interface con-
ditions, showed different distributions of cluster ions.
Therefore, caution must be exercised when assigning
ion locations in the CV spectrum. This fragmentation,
however, serves to provide information much like that
which would be obtained using conventional MS/MS
techniques. Furthermore, FAIMS-MS/MS offers some
advantages over conventional MS/MS because ion sep-
aration is not based on m/z. Such an example was
shown for the separation of the [7M 1 3H]31 ion of
leucine enkephalin and its adducts from other ions in
the same region of the mass spectrum.
Figure 13. Precursor ion selection by FAIMS for MS/MS using a
100 mM solution of leucine enkephalin. (a) Conventional ESI-MS
spectrum. (b) ESI-FAIMS-MS spectrum acquired at CV 5 24.3 V.
(c) ESI-FAIMS-MS/MS spectrum at CV 5 24.3 V of an ;30 m/z
unit wide window of ions centered at m/z 1300.
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